Functional MR imaging (fMRI) is used to determine preoperatively the laterality of cortical language representation along with the relationship of language areas to adjacent brain tumors. The purpose of this study was to determine whether changing the statistical threshold for different language tasks influences the language laterality index (LI) for a group of controls, patients with tumor without prior surgery, and patients with tumor and prior surgery.
Q
uality of life is an important factor in the decision to undergo neurosurgery. The ability to produce and comprehend language is a significant part of postoperative quality of life. Therefore, the potential of losing language function postoperatively may preclude surgical resection of a tumor.
The preoperative assessment of language localization can be useful in planning surgical resection and deciding whether to perform awake cortical mapping. To this end, functional MR imaging (fMRI) has been used to determine the areas of the cortex involved in language functioning in preoperative patients with tumor. [1] [2] [3] [4] [5] fMRI is noninvasive and repeatable; and by showing the relationship between functional language cortex and a tumor, it may tailor a surgeon's approach to the tumor. Currently, intraoperative cortical mapping remains the gold standard for localizing language in patients with tumor, and several studies have demonstrated significant concordance between fMRI and intraoperative electrocorticography. 1, [6] [7] [8] [9] Additionally, fMRI may reduce overall surgical time by guiding direct cortical stimulation and is particularly useful in cases in which the awake mapping procedure fails due to seizures or issues with the patient's tolerance for anesthesia.
The language laterality index (LI) is a ratio measure using the number of active fMRI voxels that determines hemispheric dominance for language and has been used to determine surgical candidacy for patients with brain tumor. 7, [10] [11] [12] [13] [14] One potential issue with the LI calculations in fMRI is that the specificity and sensitivity to true neural activity change with the application of different statistical thresholds. As a result, it is expected that language dominance as measured by the LI will vary as the statistical confidence threshold is changed. Theoretically, it is possible for the LI to transfer from 1 hemisphere to the other, depending on the threshold chosen. It has been shown in control subjects that the LI strengthens toward the dominant hemisphere as the statistical threshold increases. 12 No prior studies have examined the LI across a spectrum of P values in patients with tumor. This issue is especially important in evaluating preoperative patients for whom the determination of language dominance is relevant to surgical planning.
Using fMRI in patients with tumor presents unique challenges. First, prior studies in angiography and MR imaging have shown that vessels within a glioma lose their ability to autoregulate normally. [15] [16] [17] This, in turn, may limit the ability of the blood oxygen level-dependent (BOLD) signal intensity to detect true neural activity in patients with tumor. Previous studies have shown that the volume of BOLD activation is significantly reduced in the tumor hemisphere in comparison with the contralateral control hemisphere in the motor strip. [18] [19] [20] [21] Second, the mass effect of large tumors may affect the blood flow of adjacent circulation by compressing veins, thereby causing oxygenated blood to drain from the activated region more quickly, possibly truncating the BOLD signal intensity. 22, 23 Finally, susceptibility artifacts from surgical staples, metal used to secure skull flaps, and blood products may also compromise the detection of the BOLD signal intensity, given prior neurosurgery. 24 In addition to physiologic and technical parameters affecting the measure of laterality, studies suggest that the degree of lateralization may depend on the language task. 7, 9, 25 In general, paradigms such as verb generation tend to lateralize language better than paradigms like picture naming. 7, 11 The verbgeneration task has shown the most concordance with intraoperative mapping overall. 7, 12, 26 Accordingly, the goal of our study was multifactorial. We aimed to characterize the LIs measured over a range of statistical thresholds in control subjects and in patients with brain tumors, and we compared the relative distribution of fMRI activity seen by using several paradigms known to lateralize language. We predicted that laterality indices would be more variable in patients with tumor than in control subjects and that the verb-generation paradigm would most consistently lateralize language across groups.
Methods

Participants
Seven control subjects and 13 patients were studied. Control subjects included 5 women and 2 men with an average age of 26.14 years (SD, 2.79 years). All controls were right-handed as determined by the Edinburgh Handedness Inventory, with a laterality quotient of Ͼ80, 27 and were native speakers of English. Controls had no known neurologic impairments. Eight female patients and 5 male patients participated in the study, with an average age of 48.77 years (SD, 14.05 years). All patients had pathologically confirmed tumors located in or adjacent to the left or right inferior frontal gyrus. Pathology included 4 glioblastoma multiformes, 3 anaplastic astrocytomas, 2 oligodendrogliomas, 1 low-grade glioma, and 3 metastases (On-line Table) . Nine patients did not have prior surgery, and 4 patients had prior neurosurgery. Both controls and patients performed identical behavioral paradigms. The study was approved by the institutional review board.
Data Acquisition
Scanning was performed on a 1.5T TwinSpeed Excite scanner (GE Healthcare, Milwaukee, Wis) by using a standard quadrature head coil. Functional images were gathered by using a T2*-weighted gradient-echo echo-planar imaging sequence (TE ϭ 40 ms, TR ϭ 4000 ms, section thickness ϭ 4.5 mm with no gap, matrix size ϭ 128 ϫ 128, FOV ϭ 240 mm, 21 sections). T1-weighted spin-echo images (TR ϭ 600 ms, TE ϭ 8 ms, 256 ϫ 256 matrix, 90°flip angle, 4.5 mm in thickness with no gap, 240-mm FOV, 21 sections) were also acquired. 3D T1-weighted anatomic images were acquired with a spoiled gradient-recalled-echo sequence (TR ϭ 22 ms, TE ϭ 4 ms, 256 ϫ 256 matrix, 30°flip angle, 1.5 mm in thickness, 24-mm FOV). The subject's head motion was minimized by using straps and foam padding.
fMRI Activation Tasks
Subjects performed 3 language tasks presented visually through liquid crystal display goggles. Tasks included verb generation (verb), phonemic fluency (letter), and semantic fluency (category). Subjects were asked to perform the tasks silently, avoiding mouth and tongue movement. Patients performed 1, 2, or all 3 tasks, depending on clinical necessity and their ability to perform the task correctly (On-line Table) . In verb generation, subjects were presented with a noun and asked to generate action words associated with the noun. For the letter task, a letter appeared on the screen, and subjects were asked to silently generate words that began with that letter. During the category task, subjects were given a supraordinate category and were told to generate subordinate words that fit the category. Patients were carefully pretested on each task outside the scanner to assure that they could perform the task correctly. The baseline was resting and consisted of fixation on a cross-hair. The paradigm was presented as a block design and consisted of 60 images, with 5 images of paradigm execution alternating with 5 images of rest.
fMRI Data Analysis
Images were processed and analyzed by using Analysis of Functional NeuroImages (AFNI) software (available at http://afni.nimh.nih.gov/ afni). 28 3D motion correction was performed to correct for both inplane and out-of-plane head motion. Voxels where the SD of the acquired time series exceeded 8% of the mean signal intensity were set to zero to reduce false-positive activity. Cross-correlation was used to generate statistical maps. Each pixel was compared with a modeled boxcar waveform.
Regions of interest were defined on the basis of the T1-weighted or T2-weighted anatomic images. The region of interest included the inferior frontal gyrus up to the precentral gyrus. The entirety of the inferior frontal gyrus was included on the inferior margin and was delimited superiorly by the appearance of the middle frontal gyrus. The number of activated voxels included in each region of interest was determined by an automated AFNI script in the left and right hemispheres. LIs were calculated in each region of interest by using the formula: LI ϭ (L Ϫ R) / (L ϩ R). LIs were calculated at 15 different statistical thresholds (r ϭ 0.25-0.95, corresponding to P values of 0.164 -4.92 ϫ 10 Ϫ29 , uncorrected). The LI ranged from Ϫ1 (completely right-lateralized) to ϩ1 (completely left-lateralized). In concordance with prior studies, bilateral language representation was defined in the Ϫ0.2 to 0.2 range. 29 The LI is expected to vary across the range of statistical thresholds. Therefore, to compare the variability in LI between groups, we calculated the median LI (MLI) value obtained at all thresholds between 2 bounds: P values between P Ͻ .008 and the least stringent P value, where either LI equaled Ϯ1 or there was no activation. We used the median LI of this range to calculate the variability (median absolute deviation [MAD]) for each subject, group, and task.
Results
General Shape of the LI Curve
At a low correlation coefficient (high P value), more noiserelated rather than task-associated voxels survived the statistical threshold. Therefore, at low correlation coefficients, the LI approached zero because noise affects both hemispheres approximately equally. Increasing the statistical threshold diminished the effects of noise and allowed more true-positive voxels to survive. Accordingly, as the statistical significance FUNCTIONAL ORIGINAL RESEARCH increased, increasing lateralization was seen, with the LI approaching ϩ1 (left dominance) or Ϫ1 (right dominance). This "maximal" LI is expected to over-represent true functional laterality if excessively high stringency excludes voxels from the nondominant hemisphere when there is a quantitatively weaker, though still significant, level of activation. At a P value unique to each individual subject, the statistical threshold became too high for any activated voxels to survive, and the LI dropped back to zero. (Figs 1 and 2 ). This pattern we termed the "expected LI curve." Controls A sample LI curve for a single healthy control subject is shown in Fig 1. The curve demonstrates the expected shift in laterality as voxel stringency is increased. Most control subjects followed this expected LI curve shape across all 3 language paradigms (Fig 3A-C) , though the tasks showed differences in variability among healthy subjects.
Healthy control subjects demonstrated the strongest LI while performing the verb-generation task (Fig 3A) . The MLI during verb generation indicated strong left-lateralization (MLI ϭ 0.84). The control subjects' individual LI curves showed the least variability (smallest MAD) during the verbgeneration task as compared with the letter and category tasks. The LI curves were the following: MAD verb ϭ 0.06, MAD letter ϭ 0.11, MAD category ϭ 0.19 (Fig 3A-C) . None of the controls' fMRI examinations indicated a switch in hemispheric dominance across the spectrum of statistical thresholds during the verb-generation task.
The category task was the most variable ( Fig 3C) . Although most of the individual laterality curves followed the expected LI curve pattern, there were a few exceptions. Specifically, the measurement during the category task in control 1 indicated different hemispheric language dominance depending on the statistical threshold applied. Although the laterality followed the expected trajectory from r ϭ 0.25, P Ͻ .164 until r ϭ 0.45, P Ͻ .002, the LI curve then changed direction and suggested right-lateralization at a peak LI of Ϫ1 (completely right-lateralized) at r ϭ 0.75, P Ͻ 8.86 ϫ 10 Ϫ11 . Consequently, the subject would be considered left-lateralized for language in the Broca area at P Ͻ .16 to P Ͻ .0003, but right-lateralized at more stringent P values. fMRI suggested bilaterality in control 3 in Broca area across the entire range of P values measured except for an r value of 0.65 (P Ͻ 2.11 ϫ 10 Ϫ7 ), where this subject would be considered left-dominant for language. Most important, both of these of these subjects' fMRIs suggested strong leftdominance (LIs never Ͻ0.48) on both the letter and the verb tasks. Overall, the category task revealed the largest variability (the greatest median absolute deviation) when compared with the verb and letter tasks.
Patients with Tumor Without Prior Surgery
Patients with tumor without prior surgery demonstrated the least variability on the verb-generation task, in comparison with the letter and category tests (MAD verb ϭ 0.07, MAD letter ϭ 0.35, MAD category ϭ 0.37; Fig 4A-C) . However, patients with tumor without prior surgery demonstrated greater variability than that seen in the control subjects. In the verb-generation task, patient 5 showed threshold-dependent laterality. Between P values 4.16 ϫ 10 Ϫ5 (LI ϭ 0.5) and 3.74 ϫ 10 Ϫ6 (LI ϭ 0.23), the LI measurement shifted from left-dom- The general LI curve starts near zero and rises as the significance (P value) increases as statistical stringency reveals the dominant hemisphere. The LI peaks at a value of ϩ1 or Ϫ1 when either the left or the right hemisphere is dominant. At peak statistical stringency, no activated voxels survive and the curve drops back to zero.
Fig 2.
Lateralization changes as a function of statistical thresholding in patient 1. At r ϭ 0.35, P Ͻ .026, language would be considered bilateral, but as the statistical threshold increases, the language task indicates left lateralization in the Broca area.
inant to bilateral (Ϫ0.2 Ͻ LI Ͻ ϩ0.2; Fig 4A) . In the letter fluency task, 6 patients of 9 demonstrated bilateral language representation in the Broca area at the 3 least significant P values (Fig 4B) . fMRI in patient 9 indicated lateralization of language to the right. The fMRI measurement in patient 3 was bilateral for language at less significant P values and lateralized to the right at more stringent P values (Figs 4B and 5). Of the 4 patients with tumor who performed the category task, 2 patients' fMRI maps suggested left-lateralization in the Broca area, and 2 patients' fMRI maps suggested right-lateralization (Fig 4C) . These same 2 patients exhibited the expected leftlateralization for language in the Broca area during the letter and verb tasks.
Patients with Tumor and Prior Surgery
We examined 4 patients with tumor and prior surgery ( Fig  6A-C) . Patients with prior surgery demonstrated the least variability in the fMRI laterality measurement when performing the verb task (MAD verb generation ϭ 0.05, MAD letter fluency ϭ 0.11; Fig 6A, -B) . Both patients who performed the verb task did not demonstrate threshold-dependent laterality measurements. In the letter task, LI curves in the patients with prior surgery were more variable than those of the patients with tumor without prior surgery and the control subjects performing the same task (Fig 6B) . Patient 4 elicited an LI consistent with bilateral representation until P values fell below P Ͻ 4.16 ϫ 10 Ϫ5 , when the LI suggested left-dominance. Laterality index curves of controls performing the following: A, the verb-generation task. In all the control subjects, LI indicates complete left language lateralization in the Broca area across all P values. B, the letter task. All control subjects indicate left-hemispheric dominance in the Broca area except for control 4, whose fMRI suggests bilateral language representation at the highest 2 P values (P Ͻ .164 and P Ͻ .071), which are clinically insignificant. C, the category task. The individual laterality curves follow the expected pattern, except for control 1 and control 3. In control 1, the LI follows the normal trajectory from r ϭ 0.25, P Ͻ .164 until r ϭ 0.45, P Ͻ .002, where the LI curve then changes direction and becomes right-lateralized until it hits a peak of LI ϭ Ϫ1 at r ϭ 0.75, P Ͻ 8.86 ϫ 10 Ϫ11 . fMRI in control 3 indicates bilaterality for language in the Broca area across the entire range of P values measured except for at an r value of 0.65 (P Ͻ .3.74 ϫ 10 Ϫ6 ) when this subject's fMRI suggests left dominance for language.
Patient 3 had a left-dominant LI for all thresholds except P ϭ 4.16 ϫ 10 Ϫ5 , where the LI was in the bilateral range. Only 1 patient with prior surgery performed the category task. However, depending on the statistical threshold used, this patient could be classified as demonstrating right language laterality (from P Ͻ .164 -.071), bilateral language laterality (P Ͻ .025-.008), or left language laterality (from P Ͻ 4.16 ϫ 10 Ϫ5 to 3.74 ϫ 10 Ϫ6 ) (Fig 6C) .
Discussion
We examined LIs across a range of P values for control subjects and patients with brain tumor. We showed that the LI was influenced by statistical thresholding. Additionally, we demonstrated that the LI varied as a function of the presence or absence of a tumor and the choice of language paradigm. Patients showed more variability than control subjects. Verb generation was the least variable between tasks and across groups, whereas category was the most variable. A few subjects demonstrated shifts from bilateral representations to left or right dominance. Bilaterality or codominance for language is beyond the methodology of this study because the ground truth for laterality in these subjects as a function of task is not known. There is likely some true bilaterality that is task-dependent. However, at the highest statistical stringencies, the LI measurement will be saturated at Ϯ1. This saturation can be spurious or artifactual, even if it is based on a large number of voxels being counted. Baciu et al 30 have described an "average magnitudes technique" in a study that compared the average signal-intensity variation in predefined language regions of interest across hemispheres with the standard laterality index ratio technique. The laterality index was found to be a more accurate representation of true Laterality index curves of patients with tumor without prior surgery performing the following: A, the verb-generation task. Some patients show bilateral language lateralization in the Broca area at clinically insignificant P values, but all the patients lateralize language to the left hemisphere in the Broca area at clinically significant P values (P Ͻ .05). B, the letter task. Six patients show bilateral language representation in the Broca area at less significant P values. Patient 9 lateralizes language to the right. Patient 3 lateralizes to the left at less significant P values and to the right at more stringent P values, C, the category task. Two patients have LI curves that lateralize to the left, and 2 patients lateralize language to the right in the Broca area. Both patients who show right-hemispheric dominance for language (patients 5 and 6) have tumors in the right hemisphere.
laterality than the technique that relied on signal intensity. Additionally, Lohmann et al 31 showed that task repetition and learning can artifactually elicit bilaterality for language, making the issue of bilaterality measurement by fMRI a complicated one.
The presence of adjacent and/or infiltrative tumor confounds the interpretation of the LI measurement. Previous studies suggest that tumor neovasculature interferes with the BOLD signal intensity, leading to an attenuation of BOLD fMRI activation in the tumor hemisphere. [18] [19] [20] [21] The 2 patients who demonstrated right-hemispheric dominance in the letter task had tumors in the left Broca area. The patient's true laterality may be altered if invasion of the functional language cortex by a tumor resulted in interhemispheric reorganization. 9, 32 Alternatively, tumor-induced neurovascular uncoupling, in which the tumor alters the coupling between neuronal activity and blood flow, may have occurred. Reduced signal intensity from the left hemisphere increases the weight of the right-hemispheric activation in the LI calculation, resulting in an LI that mistakenly indicates right-hemispheric language dominance. The concept of neurovascular uncoupling could make laterality index a less useful measure in patients with tumor. However, the fact that other patients with tumors showed consistency in language lateralization, performing 3 tasks, supports the idea that the laterality index does reliably predict language dominance. In addition, the 2 patients with right-hemispheric tumors mentioned previously who showed right-lateralization in the category task (Fig 4C)   Fig 5. Axial T2-weighted images with coregistered fMRI data in patient 3, from the patients with tumor without prior surgery category, performing the letter fluency task. The fMRI data are presented at different thresholds. At less stringent thresholds (r Ͻ 0.55), the language LI is bilateral, whereas at more stringent (r Ͼ 0.55) thresholds, the LI shifts to the right side. This right-handed patient showed signs of moderate aphasia preoperatively and mild aphasia and dysarthria postoperatively, clinically suggesting a significant left language component.
showed left-lateralization in both the letter and verb tasks ( Fig  4A, -B) , suggesting that category may just be a less reliable task because the other tasks correctly lateralized language to the dominant hemisphere.
In keeping with this finding, our data provide evidence that the language LI is dependent on the task that the subject performs. Language lateralization was the least variable during the verb task, followed by letter and then category. This is in agreement with prior studies that showed verb generation as the most reliable in lateralizing language. 7, 12, 26 fMRI studies have shown that the categoric retrieval and object-naming tasks activate a distributed network extending from inferior frontal regions to posterior temporal regions in healthy subjects. [33] [34] [35] It has been proposed that the temporal lobes are critical for retrieving information about objects in a hierarchical fashion from generic categories to unique objects. 36, 37 Patients with temporal lesions often have category-naming deficits, suggesting that posterior regions are involved in categoric retrieval. [38] [39] [40] [41] Consequently, we may have found greater reliability with the verb task because our region of interest included only the Broca area, and we may have obtained better results with category had we included a region of interest in the Wernicke area.
In recalling the 2 patients who exhibited right-hemispheric dominance in the category task, we found that in both cases, fMRI suggested left-lateralization when performing the letter and verb tasks. This suggests that a combination of tasks should be used to maximize accuracy in language-dominance determination. In terms of analysis-dependent ways to bolster the accuracy of the fMRI laterality measurement, a combined task analysis whose output is only those areas commonly activated by all language tasks has been suggested. This approach may reveal cortical areas essential for language function rather than regions that are supportive and variable among different language tasks. 4, 12, 14, 42 Although there were a very small number of patients with prior surgery, our results suggest that prior surgery further complicates the calculation of laterality. Susceptibility artifact may be a detriment to the reliable detection of the BOLD signal intensity. 24 The LI curves in the patients with prior surgery varied more than those of healthy controls and patients with Ϫ5 . C, the category task. Depending on the statistical threshold used, this patient could be considered right-dominant (from P Ͻ .164 -3.17 ϫ 10 Ϫ4 ) or left-dominant (from P Ͻ 4.16 ϫ 10 Ϫ5 to 3.74 ϫ 10 Ϫ6 ).
tumor without prior surgery (MAD letter patients with prior surgery ϭ 0.22, MAD letter controls ϭ 0.11). The verb-generation task in patients with prior surgery showed a similar variability compared with that of controls (MAD verb patients with prior surgery ϭ 0.05, MAD verb controls ϭ 0.06); however, further inference is limited because there were only 2 patients available for comparison in the prior surgery group. As a final note, intraoperative mapping of tumor patient 1 elicited speech arrest in the right hemisphere, whereas fMRI predicted left-lateralization for language. This discrepancy could have occurred because the size of this tumor (2.8 cm anterior to posterior and 3.5 cm medial to lateral and 4.1 cm superior to inferior) may have limited the sensitivity of fMRI in the right hemisphere.
Overall, our study was limited by a small number of controls and patients with tumor and patients with tumor and prior surgery. Hence, further studies will be needed to confirm our results and further confirm the clinical implications of looking at a range of thresholds when using LI as a tool to determine preoperative language dominance in patients with tumor.
Conclusion
Our results show that the language LI measurement varies with changes in the statistical threshold. A spectrum of P values should be used to evaluate language dominance in patients with tumor. Furthermore, because the LI measurement varies on the basis of the language task, a variety of tasks should be used to determine language laterality. Our results suggest that fMRI reliably predicts language laterality across a spectrum of P values during the verb task, even when other confounding factors are present.
